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A miniature test method is presented for measuring craze initiation stress in tension on very small specimens of glassy
polymers (less than 10mg). The method consists of three-point bending creep experiments followed by low-power optical
microscopy to determine the length of the crazed region, and hence the stress at which crazes initiate within a given time.
The test method is especially suitable when extremely limited quantities of material are available. It is illustrated by
application to two monodisperse and one polydisperse polystyrenes (PS). In polydisperse PS crazed in diethylene glycol,
craze initiation stress and time dependence are close to those of the monodisperse PS with the sameMw, but in polydisperse
PS crazed in air, crazes initiate at larger stresses, and the time-dependence is close to that of the monodisperse PS with the
same Mn. The ﬁndings are discussed in terms of changes in craze initiation mechanisms from disentanglement crazing to
chain scission crazing with increasing molecular weight and decreasing time.
r 2007 Elsevier Ltd.
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The deformation of glassy polymers such as
atactic polystyrene (PS) is frequently accompanied
by the initiation and growth of crazes. It is well
known that crazes initiate at a stress that decreases
with increasing loading time or temperature. In
addition, the presence of aggressive environments
such as organic ﬂuids also encourages crazing, in a
process known as environmental stress crazing or
cracking (ESC). The onset of crazing accounts for a07 Elsevier Ltd.
lymertesting.2007.08.006
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atiis).
Open access under CC BY-NC-ND licensubstantial proportion of failures in glassy thermo-
plastic products, and it is not surprising that a
considerable amount of work has been published in
attempts to characterise, understand and predict the
phenomenon [1–7].
This work forms part of a study aiming to
improve understanding of the inﬂuence of molecu-
lar parameters on polymer processing and deforma-
tion. With recent advances in polymerisation
techniques, it is now possible to obtain small
quantities (a few grams) of well-characterised
monodisperse polymers with a variety of controlled
molecular architectures [8]. To exploit these devel-
opments, there is a need for an experimental
technique to measure craze initiation stress in very
small (o1 g) polymer specimens.se.
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Table 1
Molar mass measurements and polydispersity obtained by triple
detection SEC for the polystyrene samples
Code Mn (g/mol) Mw (g/mol) PDI (Mw/Mn)
R 85,900 218,000 2.54
C 89,700 94,400 1.05
BA 176,000 221,000 1.26
D.S.A. De Focatiis, C.P. Buckley / Polymer Testing 27 (2008) 136–145 137Craze initiation begins with the nucleation of
voids in localised regions about 20 nm in diameter
which eventually coalesce to produce crack-like
surfaces spanned by ﬁbrils of highly oriented
polymer [6]. An intrinsic feature of craze initiation
and growth is the existence of tensile stress in all
directions in the craze plane, which drives cavita-
tion. Thus, under tensile loading, craze formation
occurs under plane strain conditions. In addition,
since the service loading of many products is
bending, the peak stresses and hence craze initiation
sites are located at surfaces, and are susceptible to
local inhomogeneities and surface defects [9].
A substantial fraction of the published studies of
PS crazing has involved microscopy and the use of
thin (1–10 mm) ﬁlms bonded to copper grids [10–16].
The thin ﬁlms require only small amounts of
polymer, but there are several reasons for caution
in the application of these tests to the understanding
of crazing in bulk polystyrene. Most importantly,
the geometry of a thin ﬁlm with thickness of the
same order as the craze thickness imposes condi-
tions of plane stress rather than plane strain. Also, it
has been observed that the glass transition tempera-
ture (Tg) [17–19] and the bulk modulus [20] of thin
ﬁlms of PS are considerably lower than those of
bulk specimens.
Another technique requiring only a small amount
of polymer is the micro-indentation technique of
van Melick et al. [21]. However, this technique relies
on accurate constitutive modelling of the material in
order to establish the stresses at craze formation,
and crazes are generated below the surface of the
specimen. Uniaxial tension techniques have also
been used [22] but are impractical to apply to
miniature specimens of brittle polymers.
Beam bending experimental techniques are com-
mon in crazing experiments, either through the use
of an elliptical former [23–25], in three-point
bending with a ﬁxed imposed central displacement
[26–29], or at constant displacement rate [30,31].
Since the polymer undergoes non-linear viscoelastic
stress-relaxation before and after craze formation
during the test, the state of stress during crazing
is not clearly deﬁned in any of these techniques,
and quantitative interpretation is not always possi-
ble [32].
The aim of the present paper is to present a
miniature test method capable of using sub-gram
quantities of polymer to measure craze initiation in
bulk polymer specimens under a well-characterised
stress state. The technique developed consists ofthree-point bending creep experiments on miniature
rectangular beams followed by low-power optical
microscopy to identify the length of the crazed
region, and hence the stress at which crazes become
visible. The technique is used to measure craze
initiation stress in a polydisperse PS and two
monodisperse PS, investigating the time dependence
of craze initiation in air and in diethylene glycol
(DEG). The technique is validated by compari-
son with results from a similar test using larger
specimens.2. Experimental
2.1. Materials
The materials used in this study include a typi-
cal commercial grade of polydisperse atactic
(amorphous) PS and two monodisperse atactic
PS. Molar mass measurements were kindly per-
formed by Dr Lian Hutchings of the University of
Durham, by size exclusion chromatography (SEC)
on a Viscotek TDA 302 with refractive index,
viscosity and light scattering detectors, and results
are given in Table 1 with the codes used to refer to
the materials in this paper. Material R was obtained
from Dow Chemicals, while materials C and BA
were synthesised by living anionic polymerisation at
the University of Durham. The molar mass of
materials C and BA were chosen in order to be close
to the number average and the weight average
molar masses of material R, respectively.2.2. Moulding
PS plates approximately 0.5mm in thickness were
compression-moulded using rectangular moulds in a
hand-operated Moore hydraulic press with heated
platens. The top and bottom surfaces of the mould
were lined each time with a fresh sheet of 0.15mm
thick soft temper 1200 aluminium foil obtained
from Multifoil Ltd., in order to provide a repeatable
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was always aligned with the eventual direction of
the tensile stress in the crazing experiments. The
mould was placed between pre-heated press platens
and reached 170 1C in approximately 10min, during
which time the platens were slowly closed. The
clamping force was then cycled manually for a
period of 5min to dislodge any trapped air bubbles.
The mould was then held at 170 1C at moderate
pressure for a further 10min, and cooled to room
temperature at a rate of 15 1C/min by forcing water
through channels in the press platens. The mould
was removed from the press when the temperature
reached Tg20 1C. There is evidence that glass
structure plays a role in craze initiation [33]. Care
was taken therefore to repeat the moulding proce-
dure identically in order to produce specimens with
the same glass structure. The temperature during a
typical moulding cycle was monitored with an
embedded thermocouple, and is shown in Fig. 1.
The mouldings have been veriﬁed as being optically
isotropic.
In addition, a small batch of larger specimens
approximately 2mm 5mm 60mm were com-
pression-moulded directly to size using the proce-
dure described above. The top and bottom surfaces
of the larger specimen mould were also lined with a
fresh sheet of the same aluminium foil used for the
miniature samples.
2.3. Miniature specimen preparation
In order to produce miniature beam specimens,
parallel-sided strips of material were cut from the
0.5mm sheets using a custom-made jig with parallelFig. 1. Temperature recorded during a typical moulding using a
thermocouple embedded within the mould.single-bevelled blades. The strips were then trimmed
to length, producing rectangular prismatic beams
typically 0.5mm 2mm 8mm in size, using less
than 10mg of polymer for each specimen. The long
axes of the beams were aligned with the rolling
direction of the aluminium foil mould liner to give
the specimens a reproducible surface roughness.
A small batch of specimens of polymer R was
tested dry. All other specimens were soaked in
analytical reagent grade DEG for a minimum of 1
day prior to ESC tests. The liquid uptake of larger
soaked rectangular plates of polymer R was
monitored at regular intervals for 1 week. The
average equilibrium solubility, expressed as the
volume of liquid absorbed per unit volume of
polymer, was 070.1% throughout the 1 week
period. Kambour et al. [23] measured the equili-
brium solubility of DEG in PS as 3.2%. The reason
for this discrepancy is not known.2.4. Miniature creep rig
The miniature three-point bending creep rig was
constructed in the authors’ laboratory. It consists of
adjustable supports mounted on small micrometer
lead screws and a load tray connected to a LVDT
transducer. The LVDT was mounted on a larger
micrometer lead screw for calibration. The load tray
applies the load to the specimen beam mid-way
between the supports through a lightweight load
plate sliding in PTFE guides, providing location but
with minimum friction. The three-point bending rig
can be placed in a metal tray designed to hold the
environmental liquid used. The rig is shown without
the liquid tray in Fig. 2. The specimen was placed on
the supports and retained in position by the load
plate. Typically, the distance between the supports
was 5mm. It was found more convenient to keep
the miniature specimen submerged in DEG by
positioning a very thin strip of PTFE tape under
the specimen and wetting the area with liquid,
relying on the surface tension of the liquid to keep it
in place, rather than ﬁlling the entire tray with
DEG.
A larger version of the creep rig was constructed
in order to validate the results of the miniature
rig. It was designed to operate in a similar fashion
with the larger specimens with dimensions 2mm
5mm 60mm, and a ﬁxed support spacing of
50mm.
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Fig. 2. The three-point bending creep rig. The liquid tray has been removed for clarity. The position of the specimen is artiﬁcially
highlighted in green.
Fig. 3. Sample measurements of central displacement in three-
point bending under two loads, during 300 s creep of PS in DEG:
creep in the linear viscoelastic region and creep during crazing.
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The experimental set-up may be used to obtain
linear viscoelastic creep measurements in three-
point bending by the application of a small load.
Fig. 3 shows a typical measurement of central
displacement, obtained during linear viscoelastic
creep (ensuring that the maximum strain in the
specimen does not exceed 0.5%) for 300 s in
polymer R saturated in DEG.
The same technique is used to induce craze
formation in the specimen, by the application of a
larger load. Fig. 3 also includes a typical trace of the
central displacement obtained during crazing for
300 s in polymer R. Crazed specimens show
signiﬁcant amounts of non-recoverable deforma-
tion, as may be seen in Fig. 3 where the load was
removed after 300 s.
2.6. Stresses in beam bending
The tensile stress experienced by the uncrazed
part of the specimen can be described by the
elementary theory of bending of slender linear
elastic beams. This is true throughout the specimen
and the test in linear viscoelastic creep experiments.
In crazing experiments, there is always a region near
the supports where the stress is insufﬁcient to
initiate crazes, and, assuming linear viscoelasticity
up to the initiation of crazes (a good assumption in
PS), the stress may be obtained from the same
theory. In the region in the middle where crazes
initiate and relieve local stress through craze
growth, the elementary theory is not obeyed.
Denoting coordinates x and y with respect to an
origin at the centre of the specimen, the tensile stresssxx(x, y) in the region of the specimen obeying
elementary beam theory is given by
sxxðx; yÞ ¼ 
My
I
¼  3P
bd3
l  2xð Þy, (1)
where M is the bending moment, I the second
moment of area of the cross-section, P the applied
load, b the breadth, d the depth of the beam and l is
the span between supports. Fig. 4 shows a graphical
representation of the contours of equal tensile stress
in the beam given by elementary beam theory.
Every crazing experiment is designed to produce a
small but measurable region of approximately
triangular shape, located opposite the central load,
where crazes initiate.
Fig. 5 shows a larger beam of PS crazed in three-
point bending where the approximately triangular
region is clearly visible.
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Fig. 4. Contours of equal longitudinal stress in a beam in three-point bending as predicted by elementary beam theory. Tensile stress is
denoted as positive.
Fig. 5. A larger (2mm 5mm 60mm) crazed specimen of PS viewed from the side showing the region of approximately triangular
shape where crazes have initiated.
Fig. 6. Measurement of the extent of the crazed region in the
miniature specimens through the use of the reﬂective property of
the crazes.
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ment of the length of the crazed region lc, to obtain
the stress at which crazes have just formed and
become visible. Since outside the crazed region
elementary beam theory is obeyed, taking y ¼ d/2
and x ¼ lc/2 in Eq. (1) gives an expression for the
stress sc at which crazes have just formed in the
given time as
sc ¼
3P
2bd2
ðl  lcÞ. (2)
2.7. Measurement of the length of the crazed region
The miniature crazed specimens were removed
from the crazing rig and gently dried with absorbent
paper if necessary. They were then located on a
custom-made support under a low-power optical
microscope with crazes on the upper surface. Crazes
were not visible when the specimen was viewed
normal to the surface with either reﬂected or
transmitted light. The support was therefore
placed at a small angle y to the horizontal, and
a beam of white light was directed to be incident
to the crazed specimen at a small angle y to the
crazed beam surface normal through the use of
mirrors. The arrangement is illustrated in Fig. 6. A
value of y ¼ 101 was found to be appropriate.
The crazes acted as mirrors, directing the lighttowards the microscope. Measurements of the
length of the crazed region were then made with
appropriate calibration. In order to capture
crazes whose plane was not exactly perpendi-
cular to the surface, a hand-held mirror was
used to vary slightly the incoming angle of the
light. Five measurements of the extent of the crazed
region were made across the width of each speci-
men. All measurements were made within 1 h of
crazing.
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A similar technique was used to produce images
of crazed specimens. A prism of the same material
as the specimen being imaged was constructed so as
to reﬂect an incoming light beam towards the
specimen at a small angle y to the crazed beam
surface normal. The specimen was located on a
surface of the prism at a small angle y to the
horizontal with the crazes on the upper surface. The
incoming light was reﬂected from the crazes
vertically towards the microscope, as shown in
Fig. 7.
The depth of ﬁeld of the microscope is limited and
images were recorded at various points on the
specimen in order to maintain focus. The individual
images were then cropped and recombined to
produce a continuous image of the whole specimen.
In order to maintain the correct aspect ratio,
the image was subsequently stretched by a factor
of 1/cos y in the direction of the long axis (x-axis) of
the specimen.Fig. 7. The prism arrangement used to produce images of crazed
specimens with visible crazes.
Fig. 8. Image of a crazed specimen of polymer R after 300 s creep in
scratches on the bottom right are used as a marker for identifying the2.9. Dynamic mechanical analysis
Two small rectangular bars (0.5mm 6mm
30mm) of polymer R were tested in bending in a
Triton dynamic mechanical analyser (DMA) with
ﬂuid bath attachment in tension at 1Hz at 3 1C/min.
The strain amplitude used did not exceed 0.2%. One
bar had been saturated in DEG and was held under
a bath of DEG throughout the test; the other bar
was kept dry before and during the test.
3. Results
3.1. Craze character
A typical image of a specimen of polymer R crazed
after 300 s creep in DEG, produced using the technique
described in Section 2.8, is shown in Fig. 8. Crazes near
the edge of the specimen were approximately
0.2–0.3mm long and were generally distinct from one
another. The fact that they are sharply in focus in Fig. 8
is an indication that the depth of the crazes through the
thickness of the specimen is small.
Crazes near the middle of the specimen were
generally wider, occasionally reaching the full 2mm
width of the specimen. The depth of crazes also
increased near the middle of the specimen and it was
difﬁcult to image entire crazes in focus, because of
the limited depth of ﬁeld. Near the edge of the
crazed region, there was a relatively regular spacing
between crazes of approximately 0.1mm along the
length of the beam. The increase in the density of
crazes near the centre of the specimens prevented a
reliable estimate of the spacing in that region.
3.2. Validation of miniature specimens
Craze initiation stress was measured after 300 s
creep in DEG on a range of miniature specimens ofDEG taken using the technique described in Section 2.8. The
crazed surface of the specimen.
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8mm, and varying the load applied such that the
peak stress in the specimen varied from 20 to
40MPa. The results obtained on a sample of 17 tests
are sc ¼ 16.870.7MPa (where 7 represents two
standard errors, or the 90% probability that the
population mean lies in the given range). The
measurements of craze initiation stress were veriﬁed
with signiﬁcance at the 5% level as being statisti-
cally independent of the length of the support
spacing and of the peak stress applied to the sample.
As a validation of the method, the larger version of
the creep rig was used with the larger specimens with
the same surface roughness and temperature history.
Craze initiation stress was measured after 300 s creep
in DEG on larger specimens of polymer R. The
results obtained on a sample of ﬁve tests are
sc ¼ 15.870.3MPa. Craze initiation stress was also
measured after 12 and 60 s creep in both the
miniature specimens and the larger specimens of
polymer R, and in all cases there was no signiﬁcant
difference between the sample means of the miniature
and the larger tests at the 95% conﬁdence level.
3.3. Dry crazing
To evaluate the effect of the DEG on crazing, a
small number of specimens of polymer R were
tested dry. The stress required to initiate crazes was
substantially higher than in PS saturated in DEG,
and specimens frequently failed by brittle fractureFig. 9. Craze initiation stress for the three polymers R, C and BA, wit
standard errors.during the creep test. Results obtained on a sample
of ﬁve tests of those miniature specimens of polymer
R that did not fracture in 300 s creep are
sc ¼ 32.872.6MPa.
3.4. Time-dependence
Craze initiation stress was measured after 12, 60
and 300 s creep in DEG on all polymers listed in
Table 1. Linear regression was performed on all the
available craze initiation stress measurements for
each polymer as a function of log creep time in
order to establish the time-dependence. The results
and regression lines are shown in Fig. 9.
4. Discussion
From the data in Fig. 9, the rate of change of
craze initiation stress with log creep time dsc/d log t
for the three polymers in DEG and for polymer R
dry was evaluated and is listed in Table 2. The
striking feature of Fig. 9 and Table 2 is the evidence
for two distinct craze initiation kinetics: there is one
gradient of approximately 1.8MPa (polymer R in
DEG and polymer BA in DEG) and another
gradient of approximately 5.0MPa (polymer R
dry and polymer C in DEG). This is explicable in
terms of Kramer’s observation that for crazing to
occur there must be a geometrically necessary
entanglement loss [5], and that, depending on the
crazing conditions, there are two mechanisms byh linear regression lines through the data. Error bars denote two
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Table 2
Craze initiation stress and time-dependence for polymers R, C
and BA crazed in DEG and dry
Code 300 s creep sc (MPa) dsc/d log t (MPa)
R in DEG 16.870.7 2.170.2
C in DEG 12.071.1 5.270.6
BA in DEG 16.470.6 1.570.2
R dry 32.872.6 4.870.6
Fig. 10. Loss tangent obtained from DMA at 1Hz for polymer R
dry (thick line) and saturated in DEG (thin line).
D.S.A. De Focatiis, C.P. Buckley / Polymer Testing 27 (2008) 136–145 143which this may occur: solid-state disentanglement
or chain scission [34,35]. Thus, the results above can
be rationalised by recognising that different me-
chanisms dominate under different conditions.
Elementary considerations allow us to assign the
two gradients to the two processes. Resistance to
disentanglement must increase with chain length,
while resistance to chain scission is independent of
chain length [36]. Thus, the (higher) gradient
exhibited by polymer C must be associated with
disentanglement, while the (lower) gradient exhib-
ited by the higher molar mass polymer BA must be
associated with chain scission. Since chain scission is
independent of chain length, we can expect polymer
C to switch its craze mechanism where the two
curves on the right hand side of Fig. 9 intercept—
i.e., close to 10 s. For shorter creep times, crazing by
scission is expected for this polymer.
It is interesting to note that polydisperse polymer
R exhibits a craze initiation stress, and gradient in
Fig. 9, for 300 s creep in DEG, that are close to
those of monodisperse polymer BA with a similar
weight average molar mass Mw, but not to those of
monodisperse polymer C, with a similar number
average molar mass Mn. This suggests that, in the
polydisperse polymer, craze initiation is dominated
by the behaviour of the high molar mass tail of the
polymer, and is equivalent to that of a monodis-
perse polymer with the same Mw. Other properties
of polydisperse polystyrenes such as tensile strength
have also been shown to depend on Mw rather than
Mn [37].
Another prominent feature in Fig. 9 and Table 2
is the jump in craze initiation stress from 32.872.6
to 16.670.7MPa and the switch of craze initiation
mechanism, when polymer R is crazed for 300 s in
DEG instead of in an air environment. Can this be
explained in terms of a change in molecular mobility
in the presence of DEG? Loss tangent data from the
DMA experiments on specimens of polymer R,
tested dry and tested while soaked in DEG, are
shown in Fig. 10. From the peaks in Fig. 10, weobtain a measure of the glass transition temperature
(Tg) of dry PS and PS saturated in DEG at 1Hz as
114.8 and 114.5 1C, respectively. The lack of a
signiﬁcant Tg shift as a result of the DEG is in
agreement with the ﬁndings of Shah et al. [38] on PS
specimens saturated in DEG. The change in craze
initiation stress of polymer R cannot, therefore, be
attributed to a shift in the glass transition tempera-
ture.
It is possible, however, to explain the effect of the
DEG environment in terms of its effect on the
crazing mechanism. Crazing by chain scission
involves the formation of high-energy free radicals
at points of scission. However, as is well known in
the context of free-radical polymerisation in solu-
tion, intimate contact with an organic liquid offers
the possibility of transfer of free radicals from
polymer to liquid, by the polymer capturing a
hydrogen atom [39]. This provides a route to
reduction of surface energy of the polymer, and a
large reduction of craze initiation stress in the
presence of DEG, relative to an air environment,
when the mechanism is chain scission. This would
explain why polymer R crazes by chain scission
when saturated in DEG although it crazes by
disentanglement at a much higher stress in air.
A quantitative discussion of these and further
results will be given in a forthcoming publication.
5. Conclusions
The miniature test method presented here is
capable of using very small rectangular beam
specimens weighing only 10mg to measure craze
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characterised stress state. The method consists of
three-point bending creep experiments followed by
low-power optical microscopy to determine the size
of the crazed region, and, following elementary
beam theory, the stress at which crazes initiate and
become visible. The test method is applicable to dry
polymers and to polymers saturated in liquids. Its
validity is demonstrated by the comparison of
results with those from larger specimens with the
same surface roughness.
The test method has been used to measure craze
initiation stress on three well-characterised samples of
PS. In the monodisperse materials crazed in the
presence of DEG, with increasing molar mass, there
is an increase in craze initiation stress and a decrease
in its time-dependence. The polydisperse PS has a
craze initiation stress and a time-dependence approx-
imating that of the monodisperse polymer with the
same weight average molar mass, but signiﬁcantly
different from a monodisperse polymer with the same
number average molar mass. This illustrates the
dominant role played by the length of the molecules
in the polydisperse polymer. In the polydisperse
material crazed in air, crazes initiate at larger stresses
than in DEG. The time-dependence of the initiation
of air crazes is close to that of the low molar mass
monodisperse PS crazed in DEG.
The ﬁndings are explained in terms of a transition
of craze initiation mechanism from disentanglement
crazing to chain scission crazing with increasing molar
mass and decreasing time. In low molar mass PS, and
at longer creep times, disentanglement crazing appears
to be the dominant mechanism. The effect of the
liquid environment is to lower the stress threshold at
which chain scission crazing can take place.
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